I. Introduction
he human exploration of Mars has been a goal for over a century 1 . Our interest in Mars stems from the fact that Mars presents an environment that is closer to the Earth's than any other planet, and is likely to have now or have had life present. But the interest extends beyond the similarities; the geology of Mars and its atmosphere present variations that cannot occur on Earth.
Missions to Mars generally use Hohmann transfers to minimize the propellant mass. The missions leave from low earth orbit and enter a low orbit about Mars and landing craft are deployed for examination of the surface by a crew. Although this is typical, there are an infinite number of possible variations on these missions including, for example: a direct entry without going into orbit about Mars, a fly-by of Mars (using a free return trajectory), and rendezvous with a moon of Mars without a landing 2, 3 . Traditional piloted Mars missions are constrained by a long stay time before the Earth-Mars planetary alignment would allow a minimum energy Hohmann return 1 . The cost in propellant to land on Mars and launch is a major consideration 2, 3 .
The recent Augustine Commission report 4 has considered less expensive exploratory missions to asteroids and the moons of Mars, where landing, or even orbital insertion, at Mars is avoided. An option that may prove advantageous would be to park a spacecraft at the Sun-Mars Lagrange point L1. Only low thrust electric propulsion would be required once the spacecraft left the Earth for the transit to and from Mars resulting in a significant savings in propellant since there would be no landing. Previously deployed robotic spacecraft on the Martian surface could be controlled with a considerably shorter round trip communication time (communication times of 25 minutes would be reduced to less than 10 seconds) allowing for very efficient exploration. Such missions should benefit greatly from using combined bimodal nuclear thermal propulsion (NTP) and nuclear electric propulsion (NEP) by shortening mission time and reducing propellant requirements. An illustration of this is presented that shows using L1 is competitive with nuclear thermal propulsion and significantly better than chemical propulsion.
This paper has three major components: 1) the astrodynamics for trajectory considerations, 2) a comparison of propulsion options, and 3) a mission scenario that allows a permanent base to be constructed.
II. Astrodynamics
Two approaches will be considered for the trajectory calculations: impulse propulsion maneuvers, and low thrust propulsion. Missions to the Sun-Mars L1 do not require maneuvers in deep gravitational wells. This makes low thrust trajectories a possibility but does not preclude the use of impulse maneuvers. For impulse maneuvers a liquid hydrogen-liquid oxygen engine with a specific impulse of 450 seconds will be used in the calculations or a nuclear thermal rocket with a specific impulse of 950 seconds will be used. For low thrust propulsion the characteristics of the VASIMR engine will be used 5 . For VASIMR the jet power 6 , jet P , is assumed to remain constant, where
m & is the mass flow rate, and e v is the exhaust velocity. Since the thrust, F , and the specific impulse, sp I , for a rocket can be approximated from
and
where 0 g is the standard gravitational acceleration. Then
The parameter 0 / 2 g P jet is constant and hence the product sp FI is also. This assumption is apparent in the discussion of reference [5] . For VASIMR the jet power was conservatively taken as 7.5 MW 5 .
T
The astrodynamics parameters used are given in The one important parameter that remains is the location of the Sun-Mars L1 point. In the restricted problem of three bodies there are five equilibrium (Lagrangian) points as shown in Fig. 1 . In the figure L1 is located between the Sun and Mars and is an unstable equilibrium point 9 . Each of the five equilibrium points moves with the same angular velocity as Mars and,hence, each remains at the same location relative to the Sun and Mars. The distance from the Sun to L1, 1 L r , is given by 
The quantity µ is the ratio of the mass of Mars to the mass of the Sun. Using the mass values in Table 1 , equation (6) yields ζ as approximately 0.995251. A more accurate calculation by Szebehely 10 yields 0.995249. Note that Szebehely lists the point as L2. The recent convention is to list the Lagrangian point between the two main components in the system as L1.
The two types of trajectories that will be considered need quite different methods to determine the required speed changes. Impulse maneuvers are frequently considered and the methods for this case only need to be summarized, but low thrust trajectories require more elaborate methods, and, hence, a more detailed discussion.
A. Impulse Transfer Velocity Change
Hohmann transfers can be used to estimate the performance requirements. The missions will start from low earth orbit (LEO) and proceed directly to L1. The required parameters are summarized in Table 1 .
For the Hohmann transfer ellipse, the excess hyperbolic velocity after launch from low earth orbit can be readily calculated. Assume the Earth and Mars orbit the Sun in circular orbits with the radii in is 29.8 km/s leaving a velocity with respect to Earth of 2.9 km/s. We will take this as the speed of the spacecraft at an infinite distance from the Earth. We can use this to estimate the speed required in low earth orbit to achieve 2.9 km/s by considering the specific energy, E , for orbits about the Earth Table 1 . Using equation (2) launch from LEO will require a total speed equal to 11.6 km/s. The velocity change from LEO is just the difference between the total speed 11.6 km/s) and LEO speed ( )
Earth
Earth R GM / or 3.7 km/s.
The solar orbital speed of L1 is given by the angular velocity (for a circular orbit) of Mars multiplied by the radial distance from L1 to the Sun, or 
Using (7), or the conservation of angular momentum, the spacecraft arrives at L1 with a heliocentric speed of 21.6 km/s. Hence a velocity change of 2.4 km is required for the spacecraft to match the speed at L1. Adding the speed change to enter the Hohmann transfer ellipse yields a total of 6.1 km/s. This should be compared to the speed change required to enter a low orbit about Mars which yields 5.8 km/s. Hence it is slightly more difficult (by 0.3 km/s) to rendezvous at L1 than it is to enter a low orbit about Mars.
Assuming a chemical rocket with a specific impulse of 450 seconds the mass ratio, MR (i.e., the initial mass, i m . on leaving earth orbit to remaining mass after the rendezvous at L1, f m ), is approximately given by
This yields 3.98 for the mass ratio for chemical rockets. For a nuclear rocket, with a specific impulse of 950 seconds, the mass ratio becomes 1.92. For a mass of 270 tons initially in low earth orbit, the mass arriving at L1 is 68 tons using chemical propulsion and 135 tons using nuclear thermal propulsion.
B. Low Thrust Trajectory Calculation
Optimized low thrust trajectories cannot be readily calculated, typically requiring elaborate computationally intensive simulations. The current practice is to use complex numerical techniques including control system concepts to develop optimized trajectories (see for example references [11, 12] ). Yet for this study the objective is only to determine if missions to the Sun-Mars L1 point will be competitive with missions that orbit Mars. The lack of exact solutions to simplified missions makes it difficult to obtain even rough sizing estimates. A new method has been adopted that can be further expanded to perform rough optimization studies.
Assume that the planets and spacecraft orbit in the plane of the ecliptic and that the spacecraft is under the gravitational influence of the Sun (i.e., the spacecraft is not in the sphere of influence of either the Earth or Mars). 
Assuming that the spacecraft was boosted to escape velocity using chemical or nuclear thermal propulsion, the initial conditions can be written as 
where 0 m is the initial spacecraft mass. The thrust must be applied to have the spacecraft arrive at L1 with 0 = r& We must find acceptable trajectories with variable thrust components, r F and θ F , using solutions to the differential equations (11) to (13) subject to the initial conditions (14) that will satisfy conditions (15). The best approach would be to minimize
, where f t is the time at which conditions (15) are satisfied. This is a complex variational calculus problem that can be solved numerically 13 . In this study we will assume functions to describe the trajectory that satisfy conditions (14) and (15). Equations (11) and (12) can then be used to find the two components of the thrust. The mass flow rate can then be found, using equations (13) and (4) 
Equations (18) (19) is the initial fraction of the Earth's specific angular momentum, and, for this study, was taken as one. For 1 = α the spacecraft was launched from low earth orbit to escape velocity by either a chemical rocket or a nuclear thermal rocket. The parameter 1 L θ is the angle (in radians) that the spacecraft traversed from launch at the Earth to arrival at L1.
The time to reach the angle θ can be found from the angular momentum by integrating 
Equation (20) was integrated numerically using the trapezoidal rule.
The thrust-to-mass components can now be found using equations (11) and (12) as 
We can now find the mass by integrating
Again the trapezoidal rule was used to numerically integrate equation (24). A sample calculation illustrates the probable performance of VASIMR used for an L1 mission. The parameter 1 θ (the solar angle traversed by the spacecraft form Earth escape to L1 rendezvous) was chosen to be 120 degrees, which is slightly better than a Hohmann transfer. For the initial mass, 188 tons was used. A total of 7.5 MW was assumed for the ion propulsion system, and the parameter alpha was chosen as one. A nuclear thermal rocket was used to boost the initial mass from low earth orbit to escape velocity. For a specific impulse of 950 seconds the mass ratio is 1.42 and the initial mass in low earth orbit is 267 tons. For the transfer to L1 the numerical integrations result in a mass ratio of 1.34 and a mass of 140 tons at L1, which is slightly larger than a pure nuclear thermal rocket. Of course, with the VASIMR engine station keeping at L1 will be considerably less difficult than with nuclear thermal rockets.
The trajectory for the transfer is shown in Figure 2 . The trajectory and the orbits of the Earth and Mars are marked every 10 days. The final locations are also shown. The trip takes 168 days which is less than a Hohmann transfer to Mars of 259 days using nuclear thermal propulsion.
Figures 3 illustrate the engine performance as a function of the elapsed mission time. Both the thrust and the specific impulse vary by a factor of five over the mission. The thrust peaks initially at about 0.25x10 -3 of the initial weight and drops to a minimum just before the midpoint of the mission. The specific impulse peaks at 25,000 seconds when the thrust is a minimum.
The angle of the thrust will be defined as
(25) Figure 4 illustrates the time history for the thrust angle. Initially the thrust is nearly directed away from the Sun. At the time of maximum specific impulse the thrust points along the direction of positive orbital velocities. The spacecraft arrives at L1 with the thrust nearly pointed toward the Sun. These thrust directions, of course, are not optimal.
III. Propulsion System Comparison
The choice for the propulsion system is critical for any interplanetary mission. Higher performance systems can greatly increase the mass arriving at L1. Tables 2  and 3 summarize the results for an initial mass in low earth orbit (IMLEO) of 267 tons 14 . For the low thrust mission discussed the total mission times are not significantly different, but the time at L1 is about thirty percent greater providing more time for science at essentially the same cost. We also must consider the fact that the Hohmann transfer is optimal for impulse maneuvers, but the low thrust trajectory considered was not optimized. Hence the low thrust trajectory shows more promise and further investigations will probably show a significant improvement over the current analysis. Table 3 compares the mass arriving at L1 for chemical, nuclear thermal and VASIMR. The same general conclusion applies as for the mission times. Nuclear thermal propulsion and VASIMR are comparable, but chemical propulsion is not competitive, and, as in the case of the mission times, an optimized low thrust trajectory would improve the low thrust trajectory mass arriving at L1.
IV. Mission Scenario
Using reference [14] the first mission can consist of three launches from LEO. The first would be the launch of the robotic landing craft with return supplies and a return vehicle before the launch of the crew. The return vehicle would be placed on a trajectory for rendezvous at L1. The robotic landing craft would be diverted and directly enter the atmosphere of Mars. The robotic landers and the return vehicle would be monitored to be sure they were operating correctly before the crew was launched. The launch of the crew in two separate vehicles would then proceed. Each of the vehicles would be able to support the entire crew for the entire journey. At L1 the crew can use all or just one return vehicle to conduct the robotic exploration. The advantage in conducting robotic investigations is the significant reduction in the round-trip communications time. A round-trip signal from L1 to Mars takes about 7 seconds. This should be compared to the time it takes a round-trip signal from the Earth to Mars. Depending on the relative locations, the signal will take between 9 minutes and 42 minutes (typically the round-trip time can be taken as 25 minutes). This would obviously significantly reduce the difficulties now encountered in the robotic exploration of Mars. The use of three spacecraft provides the crew with sufficient redundancy to assure the safe return of the crew.
Two of the vehicles would be used for the return which will again significantly reduce the risk to the crew. Either vehicle alone would be capable of returning the crew the entire distance. The crew would transfer to an earth entry vehicle and enter the atmosphere directly while the two return vehicles would spiral into low earth orbit. One of these could be outfitted as a future return vehicle carrying robotic landers. The other would be used for transferring a crew to Mars. A new crew transport vehicle would be constructed for use so that two vehicles return to Mars. Once one vehicle is located permanently located at Mars it would be a much less complex task to complete sample return missions from Mars. Samples would not have to be returned to Earth for study, but could be returned to L1 and examined by later expeditions. When sufficient vehicles were present at L1, it could serve as a continuously crewed station. Missions could then be outfitted for piloted landings.
V. Conclusion
The Sun-Mars L1 Lagrange point can provide low cost, low risk, human exploration missions to Mars. Missions to L1 can effectively use low thrust mission technology and when combined with bimodal nuclear thermal propulsion becomes the method of choice to gradually build a permanent human presence at Mars.
The mission scenario presented not only gradually builds a permanent presence at the Sun-Mars L1 point, but also presents minimal risk to the crew. The first mission allows the crew to perform a very effective robotic investigation of the surface. After the first, sample return mission to L1 can be performed. When a permanent presence is finally achieved human landings on Mars can be readily completed again with minimum risk to the crew.
Much work still needs to be done. The key to determining the usefulness of using L1 as a base for the exploration of Mars is the low thrust trajectory. The example shown was not optimized, but the results are still somewhat better than the same mission performed with nuclear thermal propulsion and are comparable with nuclear thermal propulsion missions to low Mars orbit, but without a landing. The thrust angles of approximately 90 degrees in Figure 5 strongly suggest that a better functional form for either the specific angular momentum, or the inverse of the radius to the Sun, or both will greatly improve the mass arriving at L1. A better choice for the heliocentric angle traversed by the spacecraft can significantly reduce the time to arrive at Mars and the stay time required to return. It should be possible to obtain better choices for the functions by applying the principles of variational calculus.
